Modern long-range naval sonars are a potential disturbance for marine mammals and can lead 28 to disruption of feeding in cetaceans. This study examined the lunge-feeding behaviour of 29 humpback (Megaptera novaeangliae) whales before, during and after controlled exposure 30 experiments with naval sonar by use of acoustic and motion sensor archival tags attached to 31 each animal. Lunge-feeding by humpback whales entails a strong acceleration to increase 32 speed before engulfing a large volume of prey-laden water, that can be identified by their 33 acoustic signature characterized by a few seconds of high-level flow-noise followed by a 34 rapid reduction, coinciding with a peak in animal acceleration. Over two successive seasons, 35 13 humpback whales were tagged. All were subject to a no-sonar control exposure, and 12 to 36 two consecutive sonar exposure sessions, with 1 h of period between. The first sonar session 37 resulted in an average 68% reduction in lunge rate during exposure compared to pre-exposure, 38 and this reduction was significantly greater than any changes observed during the no-sonar 39 control. During the second sonar session, reduction in lunge rate was 66% during sonar 40 exposure compared to pre-exposure level, but was not significant compared to the no-sonar 41 control, likely due to a larger inter-individual variability because some individuals seem to 42 have habituated and others not. Our results indicate that naval sonars operating near 43 humpback whale feeding grounds may lead to reduced foraging and negative impact on 44 energy balance. 
49

INTRODUCTION 50
The past decade has led to increasing focus on behavioural responses of marine mammals to 51 anthropogenic sound and their biological significance for individuals and populations 52 (Wartzok et al. 2005) . One of the main causes for concern is powerful naval sonar, as it can 53 lead to strong, potentially lethal effects such as strandings ( Humpback whales feed by lunging, a technique that involves engulfing a large volume 73 of prey-rich water using a flexible buccal cavity and filtering out seawater leaving prey inside 74 6 acoustic source, SOCRATES II (TNO, The Hague, The Netherlands). The sonar signal was a 125 1.3-2.0 kHz upsweep transmitted every 20s with a 0.5s and 1.0s duration for ramp-up and 126 full-power periods, respectively. During each sonar exposure session, transmission was 127 initiated at a planned distance of 1250 m from the tagged whale, as this was the distance 128 covered during 5 min at 8 knots sailing speed. The source ship approached the whale for 5min 129 at 8 knots on a constant course while gradually increasing the transmitted source level (ramp-130 up procedure) from 152 dB to a maximum source level of 214 dB re 1 μPa•m at the expected 131 closest point of approach (CPA, designed to be 0m from the animal based on its pre-exposure 132 movement pattern). Then, the source ship continued to transmit at full power for another 5 133 min while moving away from the animal. This procedure was done to achieve a gradual 134 increase of the received sound level as the ship moved towards the animal, as well as to 135 simulate a "worst case scenario" with the source ship moving directly towards it. The time 136 interval between the two sonar exposures was planned to be minimum one hour, or longer if 137 animals was apparently still responding. Each sonar exposure had a10-minute duration 138 including 5 min of ramp up followed by 5 min of full power transmission. In two cases, the 139 second sonar exposure lasted only 5 minutes, without the preceding ramp-up. The order of the 140 three exposures was always the same; first the no-sonar control followed by the two sonar 141
exposures. 142 143
Lunge detection 144
Lunges were detected following the method of Simon et al. (2012) , using the relative drop in 145 flow-noise within a short time window when a lunge event occurs. Sound recordings of the 146 Dtag were first low-pass filtered (6-order Butterworth filter at 500 Hz) and the sound pressure 147 level (root mean square) of 40 ms blocks was calculated and resampled to the same sampling 148 rate as the non-acoustic data (i.e. 5 Hz). Then, potential lunge events were automatically7 detected using a "lunge detector" programmed in MATLAB (The MathWorks, version 150 2012b). This detector followed two steps: first, the detector extracted all potential lunges 151 identified as noise peaks that 1) exceeded the 90% excedance level the 90 th percentile ofthe 152 flow-noise samples recorded from the same tag record in periods when the animal was deeper 153 than 5 m, and 2) were followed by at least a 12 dB drop in flow noise within 5 s. This 5 s 154 period was truncated if the whale reached the surface (defined as a depth of 0.5 m) to discard 155 drops in the noise when the tag is in the air as the whale surfaced to breathe. The reason for 156 only using noise data when the descending animal was deeper than 5 m was to avoid loud 157 surfacing splashes being detected as lunges (see fig. 2c ). In the second step, each detected 158 lunge was evaluated visually to confirm that it was not a false positive. Since a lunge is 159 accompanied with a peak in the jerk signal (i.e. rate of change of acceleration; Simon et al. 160
2012), a peak in the jerk signal needed to be identified for a detection to be assigned as a 161 lunge. In uncertain cases, the data were further evaluated by inspecting the spectrogram and 162 listening to the sound file to determine whether a detected lunge was real or not. In rare cases 163 when the lunge assignment was still uncertain, the suggested lunge was discarded. 164
165
Statistical analysis 166
We were interested in examining whether the lunge-feeding rate of the whales changed across 167 the three types of exposure sessions: the no-sonar control and both sonar sessions. The no-168 sonar control was used as a negative control to separate a potential effect of the source ship 169 itself to an effect of the sonar. Both sonar sessions, i.e. sonar 1 and sonar 2, were compared to 170 the no-sonar control. For each of the three sessions, the number of lunges was divided into 171 three different phases: during the exposure period (Dur), before (Pre) the exposure and after 172 (Post) the exposure session, the last two phases corresponding respectively to the periods 173 immediately preceding (Pre) or following (Post) the exposure and being of equal duration as 174 8 the exposure session (10 or 5 minutes). 175
The data were analysed using a Poisson Generalized Estimation Equation ( In addition, we used the output from the 5000 bootstraps to make comparisons 201 between specific factor level combinations of interest. We calculated the differences between 202 predictions for different factor levels across all bootstraps as well as a 95% confidence 203 interval for these differences. We concluded that there was a significant increase or decrease 204 in the number of lunges in cases where the upper and lower confidence limits for the 205 differences were exclusively positive or negative. Where the confidence interval included 206 zero we concluded that there was no significant difference between factor levels as there was 207 a 95% chance that the true difference between factor levels was zero. 208
In the statistical analysis, all animals (n=13) were used, independent of foraging status 209 prior to exposure (feeding or not feeding). This is assumed to resemble the real world 210 situation where animals encountering a sonar vessel will either be in a feeding or non-feeding 211 state at the start of exposure. 212
213
RESULTS
214
We successfully tagged 13 humpback whales, 5 in 2011 and 8 in 2012 (Table 1) . One whale 215 (mn11_157a) was subject only to the no-sonar control due to a premature tag release. The 216 remaining 12 whales were all subject to three exposure sessions: first a no-sonar control 217 followed by two sonar sessions. 218
The sonar sessions resulted in escalating dose from SPL of 80-100 dB re 1µPa to maximum 219 of 160-180 dB re 1µPa (Kvadsheim et al. 2015) . 220 A total number of 3875 lunge events were identified throughout the entire tag records 221 for all animals, with lunging depth averaging (±SD) 25 ±39 m and ranging from 0.79 to 169 222 m. Feeding activity could be observed at any time of day. Lunges were typically detected at 223 the start of the ascent of a dive, corresponding to an increase in the jerk signal and the fluke 224 stroke rate as well as a clear increase in flow noise in the spectrogram (Figure 2) . 225
There was a large variation between individuals in response to the exposures. In 16 of 226 the 31 exposure sessions (20 sonar sessions and 11 no-sonar control sessions), whales were 227 feeding prior to exposure onset. All 6 whales feeding prior to the first sonar exposure (sonar 228 1) reduced their lunge rate. One animal (mn12_178a), however, initiated lunge feeding during 229 sonar 1 (Table 1 ). Of the 5 whales feeding prior to the second sonar exposure (sonar 2), 4 230 reduced their lunge rate, while 1 whale (mn12_178a) increased its lunge rate (Table 1) . For 231 the no-sonar control, 7 whales were feeding prior to exposure. All 7 reduced their lunge rate 232 during exposure, whereas 1 whale (mn12_164a) initiated lunging during exposure (Table1). 233
The largest decrease in number of lunges was recorded for humpback whale mn12_180a 234 during the first sonar exposure, with a drop from 15 lunges in the Pre phase to 1 lunge in the 235
For all three sessions types (no-sonar control, sonar 1, sonar 2) there was an overall 237 reduction in the observed lunge rate in the Dur phase compared to the Pre phase (Figure 3) . 238
The mean reduction in Dur relative to Pre was 24% for no-sonar control, 68% for sonar 1 and 239 66% for sonar 2. The selected model following the backwards selection procedure was the full 240 model with both main effect terms and the interaction term. The interaction term 241 phase:session_order significantly contributed to model fit according to the ANOVA (p<0.001) 242
and so both main effect terms were also retained. Hence, there was a significant effect of 243 phase (Pre, Dur, Post) on lunge rate but this effect differed across the exposure types (no-244 sonar control, sonar 1, sonar 2). We used the bootstrap predictions of the number of lunges 245 from this selected model to quantify the differences between phases of particular 246
sessions.This analysis indicated that the reduction in lunges for sonar 1 and sonar 2 from the 247
Pre to the Dur phase were significant as the upper and lower confidence bounds for the 248 difference were exclusively positive (95% confidence, Table 2, Figure 3 ). However, this was 249 not the case for the no-sonar control (95% chance that the true difference between Pre and 250 Dur was zero) (Table 2) . Moreover, the reduction from Pre to Dur for sonar 1 was 251 significantly different from the reduction from Pre to Dur for no-sonar control (95% 252 confidence), but this was not the case for sonar 2 (Table 2) . 253
The number of lunges over a 10 minute period was still reduced in the Post period 254 compared with the Pre period, with an average reduction from Pre to Post of 68% and 48% 255 for sonar 1 and sonar 2, respectively (see Table 2 and Fig. 3 for uncertainty around these mean 256 reductions). These differences represent significant reductions between the Pre and Post 257 phases for the two sonar exposures (95% confidence; Table 2 ). Again, for the no-sonar 258 control, there was no significant reduction in the lunge rate between the Pre and Post phases 259 as the 95% confidence interval of the differences included zero. 260
261
DISCUSSION 262
Effect of sonar on feeding 263
Humpback whales reduced their lunge rate during exposure to an approaching vessel 264 transmitting naval low-frequency sonar signals (1.3-2.0 kHz). Animals were exposed to the 265 same sonar signals during two consecutive sessions, and in both cases the reduction 266 represented a significant change in lunge rates (95% confidence; Table 2 ). When the whales 267 were exposed to the same vessel approaching in the same way but without the sonar 268 transmitting, the reduction in lunge rate was not significantly different from lunge rate in the 269 baseline period (Pre phase) before any exposures, indicating that the response can be 270 attributed to the sonar exposure and not to the vessel approaching. Furthermore, the reduction 271 during sonar 1 differed from no-sonar control, but sonar 2 did not (Table 2) , despite the 272 relatively similar average reduction (68 and 66%, respectively). The individual variation 273 during sonar 2 was much greater than for sonar 1, which probably explains the lack of 274 significant effects of sonar 2. The large individual variability may indicate that some animals 275 habituated, while others did not. An alternative explanation is that there was a cumulative 276 effect of two exposures and that animals had not fully recovered from the first exposure at the 277 start of the second (the feeding rate in the Pre period of sonar 2 was somewhat lower than in 278 the Pre period of sonar 1) but not significantly different (Table 2) , indicating this not to be an 279 overall explanation. Our data does not give any indication of sensitisation to the sonar, as 280 weaker, not stronger responses were seen to the second exposure. The whales did not resume 281 their pre-exposure feeding rate immediately after the end of sonar exposure (mean lunge rate 282 for sonar1/sonar 2 of Pre = 0.53/0.42 and Post = 0.17/0.14 lunges/minute), showing reduced 283 lunge rates post-exposure (Table 2) , indicating whales did not immediately resume feeding 284 activity following sonar exposure. 285
Beside the hypothesis that naval sonar signals might directly affect the feeding 286 behaviour of humpbacks, another possibility to explain the decrease in feeding activity is that 287 the prey reacted to the sonar, e.g. by diving, thus becoming less accessible for the whale 288 predator. We do not know what the tagged humpback whales were feeding on, but green and 289 brown feces were seen regularly in vicinity of the tagged whales, indicating both fish and 290 krill. This is supported by reports of humpback whales in the Barents Sea feeding on 291 zooplankton such as krill and amphipods as well as capelin and to some degree herring 292 
